Abstract
Introduction
to-river transfer of fertiliser derived nitrogen (N) and phosphorus (P) fuels blooms of phytoplankton, 38 periphyton and neuro-toxin secreting cyanobacteria colonies which can dramatically lower species 39 diversity and lead to a fundamental breakdown of ecosystem functioning (Smith et al., 1999; Hilton 40 et al., 2006) . Treating eutrophic water also incurs significant economic costs, with water companies 41
having to remediate problems with taste, colour and odour whilst lowering concentrations of 42 contaminants in order to make the water potable (Pretty et al., 2000) . In the United Kingdom, the 43 total costs of eutrophication have been estimated at £75-114 million per year (Pretty et al., 2003) . The main objective of non-inversion, or conservation, tillage systems is to improve soil structure and 65 stability (Holland, 2004; Lal et al., 2007) . In conventional tillage systems, the soil is typically inverted 66 to a depth of >20 cm using a mouldboard plough prior to secondary cultivation to create a seedbed 67 into which the subsequent cash crop is sown (Morris et al., 2010). However, under non-inversion 68 tillage systems the soil is either disturbed to a lesser degree (i.e. shallow non-inversion tillage to a 69 depth of <10 cm using discs or tines) or not disturbed at all, with sowing occurring directly into the 70 residue of the previous crop (i.e. direct drilling) ( 
Cultivation methods

6
In 2013, 143 ha of arable land was identified for the trialling of winter cover crops and non-inversion 123 tillage practices aimed at reducing diffuse nutrient losses into the River Blackwater (Figure 1 ; Table  124 1). This consisted of nine fields split into three mitigation measures blocks, with each block sown 125 with the same crop and the same fertiliser application rate during the 2013/14 (spring beans; 0 kg N 126 ha -1 , 30 kg P ha farm years. Block J (two fields, 42 ha) was kept as a control and was cultivated by conventional 128 mouldboard ploughing to 25 cm depth prior to sowing. Block P (three fields, 52 ha) underwent 129 shallow non-inversion tillage to a depth of 10 cm using a Väderstad Carrier and Topdown cultivator 130 prior to sowing with a Rapid drill. Block L (four fields, 53 ha) was direct drilled into the previous crop 131 residue using a Väderstad Seed Hawk. To minimise the risk of background variability in soil 132 conditions and historic cultivation practices masking the impacts of the mitigation measures trial, 133 each block contained the same range of soil textures (i.e. clay loam and sandy clay loam in all three 134 blocks; Figure S1 ) and historically had been subjected to the same seven-year crop rotation, meaning 135 that all blocks would have had comparable fertiliser inputs. 136
In addition to the different tillage regimes, Blocks L and P were sown with an oilseed radish 137 (Raphanus sativus) cover crop (seed density = 18 kg ha kill it prior to establishment of the spring beans. Oilseed radish was chosen because it provides good 140 winter groundcover and has extensive, deep tap roots to help loosen compacted soil and scavenge 141 nutrients at depth. Since there was some debate among local agronomists about the merits of 142 applying a starter fertiliser to cover crops, this was evaluated by applying 30 kg N ha -1 to five of the 143 fields whilst the other two received no fertiliser. In addition to the three mitigation measures blocks, 144
Block N (two fields, 63 ha), being managed by normal farm practice but with different crop 145 rotations, was also monitored to facilitate comparison with the trial area. The efficacy of the cover 146 crops and non-inversion tillage regimes at reducing N and P losses was assessed by monitoring soil, 147 water and vegetation chemistry across the study area during three September to August farm years: 148 tillage only). 150 Again, these 12 samples were combined to produce one bulked soil for each sampling location. In 185 total, 36 samples were collected on each of these sampling occasions (i.e. 9 fields x 4 locations). All 186 soil samples were placed into air-tight polyethylene bags and stored in cool boxes prior to analysis. 187 
Field installations and sample collection
Vegetation
Soil samples
213
All soil samples were chopped, mixed and sieved to 2 mm. Soil NO 3 -N concentrations were 214 determined colorimetrically after shaking a fresh portion of each sample with 2 mol potassium 215 chloride (KCl) to extract the mineral N fractions and reacting with sulphanilamide (C 6 H 8 N 2 O 2 S) and n-216
(1-Naphthyl)ethylenediamine (C 12 H 14 N 2 ). Olsen's available P was also determined colorimetrically 217 after shaking a portion of air-dried soil with 0.5 mol sodium bicarbonate (NaHCO 3 ) solution and 218 adding ammonium heptamolybdate ((NH 4 ) 6 Mo 7 O 24 ) and ascorbic acid (C 6 H 8 O 6 ). Soil potassium (K) 219 concentrations were determined by flame photometry after shaking the soil with ammonium nitrate 220 (NH 4 NO 3 ) to extract available K. Soil organic matter (SOM) content was determined by loss-on-221 ignition (430 o C). 222
Cover crop samples
223
Cover crop leaf and root material was separated, air-dried, ground and sieved to 0.5 mm. On 224 representative portions of each, the total nitrogen (TN) content was determined by chromatography 225 using the Dumas method (Bremner, 1965) . TP contents were determined by inductively coupled 226 plasma optical emission spectroscopy (ICP-OES) after first digesting material in nitric (HNO 3 ) and 227 hydrochloric (HCl) acids using a temperature controlled digestion block. 228 
Results
229
Impacts of mitigation measures on soil water
Phosphorus
287
Topsoil P concentrations were significantly (p < 0.05) greater in Blocks L and P than in Block J during 288 the cover crop and non-inversion tillage period (Table 3) . However, mean concentrations in Blocks L 289 (142.5 kg P ha during the pre-trial period, thus indicating these contrasts more likely reflect pre-existing differences13 in soil type rather than the impacts of the mitigation measures. There were no significant differences 292 between Block L and Block P during any of the five sampling rounds. 293 ) during both the cover crop and 296 non-inversion tillage only periods, respectively (Table 3) . With no significant difference between 297 Block J and Blocks L and P in September 2013, these results indicate that covers crops and non-298 inversion tillage were likely responsible for the increased topsoil K concentrations observed during 299 the trial period. Concentrations in the direct drill Block L were marginally higher than the shallow 300 non-inversion tillage Block P during February and July 2015, although due to large variability these 301 differences were not significant. 302
Potassium
Organic matter
303
There were no significant (p > 0.05) differences in SOM content between the three blocks during any 304 of the five sampling occasions, with mean SOM concentrations in Block J (2.0-2.1%) always greater 305 than Blocks P (1.7-1.9%) and L (1.5-1.8%) ( Table 3 ). The similarity of SOM content in Blocks L and P 306 during February and July 2015 also indicated no measurable difference between direct drill and 307 shallow non-inversion tillage options. However, there was evidence of a small increase in the mean 308 SOM content of Blocks L and P over the 22-month study period, with relative concentrations 309 increasing by 20% and 12%, respectively, between September 2013 and July 2015. 310
3.3
Impacts of mitigation measures on river water quality ) a starter fertiliser (Table 4 ). This was due to a combination of both greater dry matter 335 production in fields with (2.8 t ha ) a starter fertiliser application. However, P uptake was not influenced by fertiliser 342 application, with both treatments yielding mean uptake rates of 11.5 kg P ha The substantial reductions in soil NO 3 -N at 60-90 cm depth highlight that deep rooting oilseed radish 358 is capable of scavenging N from deeper within the soil profile than likely would be possible by 359 shallower rooting cover crop varieties (e.g. rye grass). Interestingly, the significantly reduced NO 3 -N 360 concentrations recorded in field drain D09R during 2013/14 reveals that winter sown oilseed rape 361 had a similar performance as the oilseed radish in absorbing residual soil NO 3 -N and thus reducingwhich is central to minimising NO 3 -N leaching losses. 365
The cover crop did not have any significant impact upon P concentrations in either soil or soil water, 366 a finding consistent with previous studies (Abdollahi and Munkholm, 2014 ). This result is not 367 surprising given that leaching, rather than surface runoff, is considered the dominant nutrient loss 368 pathway in this catchment and P has substantially lower mobility in soil than N due to sorption onto 369 metal oxyhydroxides. Soil K concentrations were, however, significantly impacted, with mean 370 concentrations increasing by 12-26% in the cover crop blocks between September 2013 and 371
February 2014, compared to a 14% decline observed in the control block. This increase in topsoil 372 fertility can in part be explained by the cover crop providing both winter groundcover to reduce 373 leaching losses and a source of organic matter for mineralisation at the soil surface. 374 stores. It could potentially take 5-10 years or more for these nutrient stores to be depleted before 446 major reductions instream are detected. Therefore, both repeated use of cover crops across a 447 rotation and an extended monitoring period would be required to fully assess the effects of cover 448 crops on river water quality at the sub-catchment scale. 449 conditions, an effect reported elsewhere (Soane et al., 2012) . This outcome necessitated additional 459 applications of a molluscicide (metaldehyde) to the cover crop blocks, increasing the variable 460 production costs (section 4.6). This also raised important concerns regarding pollution swapping, 461 whereby adopting mitigation measures to reduce one type of pollution (i.e. NO 3 leaching)damage to the following spring bean crop and damper soil conditions under the decaying cover crop 465 residues which delayed spring cultivation operations by a few days. 466
Effectiveness of non-inversion tillage
Cover crop management
Farm economics
467
For cover crops and non-inversion cultivation measures to be economically viable, these approaches 468 need to be financially competitive with traditional farm practice (Posthumus et al., 2015) . Table 6  469 summarises the economic performance of the three mitigation blocks for the 2013/14 farm year. 470
The application and variable costs of establishing and managing the cover crop under direct drill 471
) and shallow non-inversion tillage (£748 ha demonstrating that farm productivity can be maintained or even enhanced whilst mitigating diffuse 484 agricultural pollution. It is also important to recognise that cover crops can provide a range of 485 additional ecosystem services aside from mitigating nutrient losses, such as carbon sequestration, 486 provides good evidence to support the wider adoption of oilseed radish for mitigating diffuse nitrate 489 pollution on UK arable farms. 490
Conclusions
491
To date, the majority of research into the efficacy of on-farm measures for mitigating diffuse 492 agricultural pollution has come from controlled plot scale studies which typically fail to account for 493 the impacts of measures upon crop yields, farm profit margins, catchment-scale nutrient losses, or 494 the practicalities for the farmer of deploying such measures. Here, we have addressed these issues 495 by assessing the impacts of cover crops and non-inversion tillage regimes at the farm-scale. The key 496 findings were as follows: 497 (i) A winter oilseed radish cover crop reduced NO 3 -N leaching losses by 75-97% relative to 498 fallow, but had no impact upon P losses; 499
(ii) Direct drilling and shallow non-inversion tillage were ineffective at reducing soil water NO 3 -N 500 and P concentrations relative to conventional ploughing; 501 ) J 9.6 ± 3.6 14.0 ± 4.6 4.3 ± 3.7 P 6.4 ± 2.5 3.5 ± 1.6** 5.5 ± 2.5 L 5.5 ± 2.2 1.8 ± 1.1** 6.2 ± 3.9 N 10.0 ± 3.0 7.7 ± 5.7** 7.6 ± 5.0* Cover crops + noninversion tillage J 13.6 ± 2.9 80.6 ± 23.7 426.6 ± 115.3 2.0 ± 0.6 P 13.1 ± 7.0 130.8 ± 43.5** 687.4 ± 138.1** 1.9 ± 0.6 L 14.6 ± 7.7 131.2 ± 41.6** 648.1 ± 153.2** 1.6 ± 0. 
